Recent technical advances have enabled the visualization of neuromelanin in the substantia nigra pars compacta (SNc) and locus ceruleus (LC) by 3-tesla (T) magnetic resonance imaging in vivo. In the present study, we successfully detected neuromelanin in the SNc and LC of 6 healthy volunteers at 1.5T using a 3D gradient echo sequence with oŠ-resonance magnetization transfer contrast.
Introduction
Sasaki and colleagues reported neuromelaninrelated contrast with 3-tesla (T) magnetic resonance (MR) imaging using a multi-slice 2-dimensional (2D) fast-spin-echo sequence (FSE) in the substantia nigra pars compacta (SNc) and locus ceruleus (LC). 1 They indicated that the following factors worked synergistically to enhance the visualization of neuromelanin-generated signals. First, the signal-to-noise ratio at 3T was twice that at 1.5T. Second, at 3T, the T1 relaxation time of brain tissue is prolonged approximately 1.2 to 1.3 times longer than at 1.5T. 2 Third, the FSE used in their study had oŠ-resonance magnetization transfer (MT) eŠects, which also suppress the background brain tissue signal. 3 FSE has many more refocusing pulses than conventional SE, which increases oŠ-resonance irradiation and is considered to lead to increased MT eŠects on signal intensity.
Magnetization transfer contrast (MTC) is often used in 3-dimensional (3D) time-of-‰ight (TOF) magnetic resonance angiography (MRA) to suppress the signal of brain background tissues to detect smaller peripheral arteries.
There are 2 proton conditions in vivo, that is,`f ree pool'' and``bound pool.'' In free pool, protons are mobile in free bulk water and have a relatively long T2; in bound pool, restricted protons are bound in proteins, macromolecules, and cellular membrane and have a very short T2. Therefore, with conventional MR imaging, the bound pool is invisible. The relationship between the free and restricted protons is described as a cross relaxation and/or exchange mechanism. 4 MTC uses an oŠ-resonance radio frequency pulse to saturate protons in the bound pool selectively. This process produces the transfer of magnetization from the bound to the free pool and a decrease of the signal in the area of the free pool. In tissue containing a lot of macromolecules, the MR signal is reduced. Then, the MTC is generated.
In our MR scanner, the unit of power of the MTC pulse is expressed by the degree of ‰ip angle. It is proportional to the strength and duration of the magneticˆeld power of the MTC pulse.
In the present study, use of a 3D sequence enabled us to observe clearly small areas, such as the LC, and to complete the scan relatively quickly. The resulting high-resolution image made it easy to evaluate small areas using multi-planar reconstruction (MPR), which is di‹cult when using 2D sequences.
Our purposes in this study were to detect neuromelanin in the SNc and LC using a 1.5T MR imaging scanner with 3D sequence imaging and to conrm the eŠect of MTC.
Technique
Using a 1.5T commercial MR imaging scanner (EXCELART Vantage TM , Toshiba Medical Systems, Tokyo Japan), we examined 6 healthy volun- Fig. 1 . A 50-year-old male volunteer. Magnetic resonance (MR) images at the levels of the midbrain (left) and pons (right). Signal intensity was measured in the substantia nigra pars compacta (SNc) using an 8-mm 2 square cursor, in the decussation of the superior cerebellar peduncles using a 30-mm 2 oval cursor, in the locus ceruleus (LC) using a 1-mm 2 circular cursor, and in the pontine tegmentum using a 30-mm 2 oval cursor. The SNc was clearly identiˆed as bandlike areas of high signal in the posteromedial portion of the cerebral peduncle. The LC was identiˆed as bilateral spotted areas of granular high signal intensity in the tegmentum of the upper pons immediately anterolateral to the ‰oor of the fourth ventricle. ), 2-mm slice thickness, and 56 slices. We applied a slice-selective oŠ-resonance sinc pulse-saturation transfer contrast (SORS-STC) pulse, a sinc pulse with a 5009 FA, to generate MTC 6 and performed this scan twice, once with and once without use of SORS-STC. In either case, acquisition time was 8 min 20 s. We set the slab prudentially in the oblique axial plane perpendicular to the ‰oor of the fourth ventricle, extending coverage from the medulla oblongata to the midbrain.
Three radiologists (A: T.N. [ˆrst author]; B: H.K.; C: T.N.) evaluated the results. They individually applied suitable and reasonable window width and level for visual assessment and measured signal intensity in these areas. Regions of interest (ROIs) were set using cursors of the same shape and size on a liquid crystal display (Fig. 1) .
The degree of visibility of the SNc and LC was assigned a score from 1 to 5: 5 (apparently visible), 4 (probably visible), 3 (unclear), 2 (probably NOT visible) and 1 (apparently NOT visible). Statistical analysis was performed using the Wilcoxon signedrank test to determine diŠerences in scores for degree of visibility in the SNc and LC with and without SORS-STC.
The contrast ratios of the SNc and LC were determined by the equations SSN/SDP and SLC/ SPT, where SSN is the signal intensity of the SNc determined using an 8-mm 2 square cursor, SDP is the signal intensity of the decussation of the superior cerebellar peduncles determined using a 30-mm 2 oval cursor, SLC is the signal intensity of the LC determined using a 1-mm 2 circular cursor, and SPT is the signal intensity of the pontine tegmentum determined using a 30-mm 2 oval cursor. Weˆrst determined the areas for evaluation in images taken with SORS-STC and then copied and pasted the ROIs to the images without SORS-STC. We performed statistical analysis using the Wilcoxon signed-rank test to determine diŠerences in contrast ratios of the signal intensities in the SNc and LC with and without SORS-STC.
Results
In the images acquired with SORS-STC, the SNc was clearly identiˆed as band-like areas of high signal in the posteromedial portion of the cerebral peduncle (Fig. 2a) . Distribution of these areas was considered to correlate clearly with that of neuromelanin pigment in the SNc. The LC was identied as bilateral spotted areas of granular high sig- nal intensity in the tegmentum of the upper pons immediately anterolateral to the ‰oor of the fourth ventricle (Fig. 2c) . The spots of high signal corresponded to neuromelanin pigmentation in the LC. In contrast, signal intensity in the areas corresponding to the SNc and LC was unclear in all images without SORS-STC ( Fig. 2b and d) .
In the images taken with SORS-STC ( Fig. 2a and  c) , the SNc and LC were clearly identiˆed. In the present study, we have 3 observers and 6 volunteers and, so, 18 factors to evaluate. The SNc was rated`a pparently visible'' in 17 and``probably visible'' in one of 18. The LC was rated``probably visible'' in 15 and``unclear'' in three of 18. In images without SORS-STC (like Fig. 2b and d) , the SNc was rated``unclear'' in six,``probably NOT visible'' in seven, and``apparently NOT visible'' in ve of 18. The LC was rated``apparently NOT visible'' in all. 
Discussion
The SNc contains dopaminergic neurons and the LC, noradrenergic neurons. Neuromelanin is a byproduct of the synthesis of monoamine neurotransmitters such as noradrenalin and dopamine. On histopathology, both the SN and LC can be easily Fig. 3 . Measures are given as the mean ± standard deviation. The score for the degrees of visibility in substantia nigra pars compacta (SNc) and locus ceruleus (LC) are higher with slice-selective oŠ-resonance sinc pulse-saturation transfer contrast (SORS-STC) than without. Fig. 4 . Measures are given as the mean ± standard deviation. The contrast ratios of substantia nigra pars compacta (SNc) and locus ceruleus (LC) with slice-selective oŠ-resonance sinc pulse-saturation transfer contrast (SORS-STC) are higher than without. 208 T. Nakane et al.
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distinguished by their dark pigmentation from neuromelanin. 7, 8 Neuromelanin, which has the general characteristics of cutaneous melanin, 9 can have paramagnetic T1-shortening eŠects when combined with metals such as iron and copper. 10 However, it is di‹cult to observe neuromelanin-generated contrast by conventional T1-weighted imaging, possibly because of the small diŠerence in T1 signal between tissues with and without neuromelanin.
In the present study, using 3D-GRE with SORS-STC, we clearly identiˆed neuromelanin-generated contrast in the SNc and LC, even at 1.5T. We consider 2 possible reasons for ourˆndings. First, we selected a SORS-STC pulse 6 that generated MTC, which enhances in‰owing blood and suppresses the signals of stationary background tissues and veins by applying a slice-selective pulse above the in‰ow-ing blood and maintaining the MTC on the stationary background. In the present study, there was an apparent diŠerence between images taken with and without SORS-STC. Therefore, SORS-STC was considered to be the key factor that allowed the visualization of neuromelanin contrast. Miyazaki and associates examined the signal intensity of in‰owing blood and brain background using sinc, SORS, binomial, and conventional (without STC pulse) imaging. Not only the signal contrast ratio (blood/background), but also the reduction of the signal intensity of the brain background was largest when using the SORS method. 6 We used an MTC pulse of 5009because in our clinical MRA protocol, although an MTC pulse of 3609was applied and SNc was often identiˆed, we felt that it was not enough to visualize the LC by this protocol. Edelman and colleagues reported that larger MTC pulse permitted substantial improvement in small vessel conspicuity in time-of‰ight MR angiography, 11 so we selected the larger 5009pulse. Though, application of more powerful MTC pulse requires longer TR, which can extend acquisition time. We considered it plausible to apply the 5009MTC pulse.
The MT eŠect is reduced in tissue containing paramagnetic substances. [12] [13] [14] We speculate that when the brain background signal was suppressed by STC, the contrast between brain background and neuromelanin was likely reinforced by neuromelanin's paramagnetic T1-shortening eŠects. Paramagnetic substances shorten the relaxation times of both free protons and a pool of restricted macromolecule protons compared with the crossrelaxation rate. 14 Consequently, the MT eŠect in tissue with a substantial concentration of paramagnetic ions is reduced. We hypothesized that MT eŠect could also be used to visualize neuromelanincontaining neurons.
Second, we used a 3D-GRE pulse sequence, which enabled acquisition of high-resolution images in a short time. Whereas the acquisition time used by Sasaki's group was 12 min at 3T, our scan time was 8 min 20 s at 1.5T. We considered this scan time reasonable for detection of neuromelanin-generated contrast by 1.5T MR imaging. FSE on a 1.5T scanner would have taken much longer to obtain good neuromelanin-contrast images.
In terms of clinical uses of neuromelanin-contrast imaging, Sasaki and associates demonstrated diminished neuromelanin levels in the SNc and LC in Parkinson's disease using a 3T MR imaging scanner. 1 Decreased neuromelanin levels in the LC have also been reported in depression.
